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Objectives: to develop a perfusion system for culturing human endothelial cells on small-diameter PTFE grafts under
defined pulsatile shear stress.
Methods: to benefit from a stronger adhesion of endothelial cells to the substrate, we developed a perfusion system which
enables culture of endothelial cells on PTFE grafts to confluence under a wide range of shear stress. We also developed
an in situ staining method for the determination of the endothelialisation stage by upper light microscopy.
Results: the application of pulsatile flow with high shear stress (6.6 dyn/cm2, 5 min) to a graft endothelialised under
perfusion did not lead to a disruption of the confluent cell layer. In contrast, a shear stress of 3 dyn/cm2 applied for 5 min
was sufficient to wash more than 50% of endothelial cells off the PTFE graft when cultured to confluence under static
conditions.
Conclusions: this technique induces a stronger cell adherence of endothelial cells to a PTFE graft in comparison with
grafts endothelialised under static conditions. Endothelialised vascular grafts can be pre-conditioned to defined shear
stress values.
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Introduction used in this technique are mainly of venous origin. In
a significant number of cases, due to previous bypass
The prevention of postoperative thrombotic occlusion surgery or systemic vascular diseases, patients may
lack an appropriate vein to obtain a sufficient numberof small diameter vascular PTFE grafts is one of the
greatest challenges in bypass surgery. If no autologous of cells for the endothelialisation process. In such a
case, the isolation of microvascular endothelial cellssaphenous vein or internal mammary artery are avail-
able, PTFE is the vascular prosthesis of choice. How- from adipose tissue by means of a magnetic separation
technique5 may offer an alternative source of cells forever, PTFE grafts with a diameter of about 4 mm or
less show a high incidence of occlusion because of the endothelialisation process.
Recently, it has been demonstrated that shear stresstheir thrombogenic surface.
To prevent this early graft obstruction, the bio- is responsible for changes in structural and functional
properties of endothelial cells both in vivo and in vitro.6material may be modified by altering the physio-
chemical properties of the inner polymeric surface,1 or For example, the shear stress influences significantly
the expression of several surface receptors like ICAM-by endothelialising seeding.2–4 Therefore, in the so-
called “two-stage in vitro lining”, enriched autologous 17 and VCAM-1,8 which account for thrombogenicity
in a time- and shear stress-dependent manner. Fur-endothelial cells are seeded preoperatively onto the
lumen of the vascular graft, establishing a confluent thermore, endothelial cell adherence is influenced by
shear stress, causing an increased autocrine lamininnon-thrombogenic cellular monolayer. The use of
autologous cells avoids an inflammatory immune re- production.9,10 Therefore, growing endothelial cells to
confluence under shear stress should improve ad-sponse directed against the implant. Autologous cells
herence, stability and integrity of the endothelial cell
monolayer. Since the adherence and retention of endo-
* Please address all correspondence to: Department of Rheum- thelial cells on a PTFE surface is negligible underatology, Charite´ Medical School Research group “Tissue Engin-
eering”, M. Sittinger, Tucholskystr. 2, D-10117 Berlin, Germany. flow, fibrin has been used as a mediating attachment
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matrix.11,12 We developed a perfusion circuit which
enables us both to pre-coat the PTFE graft with fibrin,
and to culture endothelial cells seeded on this fibrin
matrix during the whole proliferative phase under
defined shear stress. The design of the perfusion cham-
ber allows the sampling of graft material for histo-
logical investigations within the culture period.
Fig. 1. Picture of the perfusion chamber.
Material and Methods
cylinder (A) closed at both ends with a sterile lid (C)
and piston (L), respectively. The latter may be movedEndothelial cell harvest and culture
into the chamber, maintaining sterility within the
chamber because of two washers on the piston thatHuman umbilical vein endothelial cells (HUVEC) were
allows the installation of PTFE grafts (B) of variousisolated according to the method described by Jaffe
lengths. The lid and piston are equipped with twoet al.13 Briefly, a 7–10 cm long umbilical vein was
sets of adapters. Peripheral adapters link the tubingcannulated and gently washed with PBS followed by
of the outer circuit to the perfusion chamber, which15 min of collagenase digestion. Afterwards, cells were
will supply the outer surface of the prosthesis withflushed out and gently washed in PBS. The cells were
medium at a lower flow rate compared to the innercultured in a medium mixture containing one part of
circuit. The second set of adapters placed in the centreDulbecco’s modified Eagle’s medium (Sigma-Aldrich,
of lid and piston connect the inner lumen of theSteinheim, Germany) supplemented with 20% fetal calf
prosthesis with the inner medium circuit. The specialserum (Seromed, Berlin, Germany), 4 mM L-glutamine
geometry of this adapter guarantees a smooth change(Seromed, Berlin, Germany), 2.5 lg/ml amphotericin
in diameter, preventing both turbulence flow and areasB (Seromed, Berlin, Germany), 28 lg/ml gentamicin
of dead volume where fibrin could accumulate and(Sigma-Aldrich, Steinheim, Germany) and 50 U/ml
obstruct the lumen. Luer-lock connectors at the outerheparin (Seromed, Berlin, Germany), and one part of
side of lid and piston permit the installation of theendothelial cell growth medium (PromoCell, Hei-
PTFE graft in the inner perfusion circuit. This newdelberg, Germany). Microvascular endothelial cells
technique enables a gas and substance exchange be-(MVEC) from adipose tissue were isolated using UEA-
tween the perfused graft lumen and the outer chamber1-lectin-coated dynabeads (Deutsche Dynal, Hamburg,
volume which is simulating the interstitial tissueGermany) and cultured in an identical medium. Seed-
liquid. By loosening the lid (C) and shifting the pistoning of both cell types was performed in 1% gelatin-
(L) into the chamber volume, it is possible to take acoated flasks. Before reaching confluence, cells were
sample of the PTFE graft (max. 2 cm). After recon-trypsinised, washed and diluted in a 1:2 ratio. This
necting the graft to the central adapter of the lid andprocedure was repeated until a sufficient number of
retracting the piston, the perfusion of the PTFE graftendothelial cells could be harvested for graft-coating.
may be continued. The cylindrical shape of the per-Cell identity was confirmed by in situ von Willebrand/
fusion chamber allows the axial rotation of the chamberFactor VIII staining (Sigma-Aldrich, Steinheim, Ger-
during the phase of initial cell seeding on a roller (O).many) using the EnVisionÔ AP detection system
Such a design enables an equal distribution of the(Dako, Hamburg, Germany), and by observing the
endothelial cells on the PTFE graft surface.typical cobblestone morphology of endothelial cells in
confluent monolayers. Contamination by mycoplasm
and other bacteria was tested routinely by means of
a fluorescence kit (Seromed, Berlin, Germany). Cells The perfusion system
used for the experiments were freshly isolated and
not older than three passages. The perfusion system (Fig. 2) consists of an inner (M)
and outer circuit (N). The inner circuit connects the
perfusion chamber (A) to a pressure sensor (D), the
rolling pump (E; IPC-4, Ismatec, Zurich, Switzerland)Perfusion chamber
and the media bag (F; Stedim, Nancy, France). The
media bag serves not only as a medium reservoir,The perfusion chamber (Fig. 1) was manufactured
using autoclavable plastics. It consists of a hollow but also as the compliance element in the circuit.
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rather different from that of other research groups,
being faster and easier to handle.
Endothelial cell seeding and perfusion
Endothelial cells were trypsinised and washed in
medium. Cell number and suspension volume were
adjusted to seeding density, graft surface area and
graft volume. The cell suspension was filled into the
PTFE graft, avoiding air bubbles. In the next step, theFig. 2. Schematic drawing of the perfusion chamber and circuit. A:
perfusion chamber was constantly rotated on a rollerperfusion chamber; B: PTFE-graft; C: lid; D: pressure sensor; E:
peristaltic pump; F: media bag; G, H: 4-way stopcocks; I: clamp; K: 20 times per hour over a period of 4 h followed by 14
multi-adapters; L: piston; M: inner circuit; N: outer circuit; O: roller. to 16 h of static incubation. The static incubation was
necessary to give the cells time to adhere strongly
enough to the underlying fibrin matrix. After static
Additionally, the surface is gas-permeable, guar- incubation, the perfusion chamber was connected to
anteeing the gas exchange between medium and well- the perfusion circuit. The perfusion rate in the inner
defined atmosphere within the incubator. Connecting circuit was increased every 2 h using following flow
the media bag in parallel to the inner circuit via two rates: 3 ml/min, 6 ml/min, 9 ml/min, 12 ml/min,
4-way stopcocks (G & H), it is possible to regulate the 15 ml/min and 20 ml/min. The corresponding values
medium exchange rate between circuit and media bag of applied shear stress were calculated with 1 dyn/
via clamp (I). Furthermore, it is possible to exchange cm2, 2 dyn/cm2, 3 dyn/cm2, 5 dyn/cm2 and 6.6 dyn/
the media bag without interrupting the medium cir- cm2. The shear stress of 6.6 dyn/cm2 was maintained
culation in the inner circuit. The perfusion chamber is over 14 h. After perfusion, the graft was fixed in form-
coupled to the inner and outer circuit via four multi- alin for subsequent histological investigation.
adapters (J & K; Sarstedt, Nu¨mbrecht, Germany). This
offers the possibility of removing the chamber from
the perfusion circuit without losing sterility.
Endothelial cell seeding and static culture
In the case of static culture, the seeding procedure
was performed under identical conditions comparedFibrin coating of hybrid-PTFE grafts
to the perfusion experiments. After finishing the initial
seeding phase of 4 h, the graft seeded with endothelialIn our experiments, we used 2‚8 cm long thin-walled
cells was cautiously rinsed with fresh medium tohybrid-PTFE grafts (Atrium, Hudson, U.S.A.) with a
remove non-adherent cells and then closed at eitherdiameter of 4 and 6 mm, respectively. The grafts were
end with a stopcock. To avoid poor nutrition of thea gift from B. Braun, Aesculap (Tuttlingen, Germany).
seeded cells, the medium was replaced every 10 h.The graft was mounted into the chamber and fixed at
After the static culture period of 48 h, the graft wasthe adapters of lid and piston. The fibrin coating starts
mounted into the circuit and perfused with mediumwith the pressurised filling of TissucolÌ (70‚110 mg/
at a shear stress of 3 dyn/cm2, respectively, over aml human fibrinogen, 2‚9 mg/ml plasma fibronectin,
period of 5 min.10‚50 E coagulation Factor XIII, 0.02‚0.08 mg/ml
plasminogen, NaCl, Na-citrate, aprotinine, glycine,
heparin, triton, human albumin; Immuno Heidelberg,
Germany) using a syringe. Pressure was maintained Histological examination
until small TissucolÌ drops appeared at the outer graft
surface. Excessive fibrinogen was flushed out of the The endothelialised grafts fixed in 4% formalin were
cut transversely with a microtome blade to obtain 4graft lumen. To start the polymerisation cascade, 10
I.E. of human thrombin were injected over a period to 6-mm long ring segments from the distal and central
segments of the graft. These segments were examinedof about 5 s and flushed out immediately with air.
After an incubation time of 3 min, the graft was rinsed by standard paraffin histology and standard immuno-
histochemistry for CD31 and Factor VIII staining. Sec-twice with PBS and stored filled with PBS for a max-
imum of 2 h. It should be stated that this technique is tions were made in transverse orientation.
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Fig. 3. Paraffin section of a fibrin-coated PTFE-graft (eosin-stained,
200·). Notice the thin and uniform fibrin layer attached to the
PTFE.
To examine the stage of endothelialisation, some
ring segments were fixed in a solution containing 4%
formalin and 0.5% glutaraldehyde in PBS for at least
8 h, then washed in PBS and stained with haema-
Fig. 4. Upper light microscopic picture of endothelial cells beforetoxylin. After staining, the ring was cut longitudinally
(top) and after 24 h of perfusion (bottom). Initial cell seeding density:into four segments. The segments were flattened on a
75 000 cells/cm2 (haematoxylin staining, 200·).
slide with the outer graft surface directed towards the
slide surface, and observed with a modified light
microscope.
velocities inhibited cellular attachment. The formation
of multicellular aggregates on the graft surface as
described by other research groups was not observed.
After 4 h of rotation, the cells were attached to theResults
PTFE-surface, but revealed a rounded shape. Only
after static incubation did the cells develop their typicalIn contrast to other research groups using electron
microscopy and Indium111-labelling to determine seed- flattened morphology. In contrast, cells seeded in the
culture flask attached faster and reached their typicaling efficiency, we were able to examine the distribution
of freshly seeded and cultured cells on the whole morphology after only 2 h. Therefore, grafts were only
perfused after finishing the static incubation of 14 tosurface of the endothelialised PTFE graft by upper
light microscopy as well as paraffin histology. The 16 h. The perfusion lasted 24 h, including a stepwise
increase in applied shear stress of up to 6.6 dynes/critical point of cell-staining for upper light microscopy
consists in the intensive background signal of the fibrin cm2 for the first 14 h. Perfusion of the cell-seeded
PTFE graft did not lead to a reduction in the totalmatrix which stains very strongly with methylene
blue, eosin, May–Gruenwald and Giemsa. Sum- endothelialised area. The opposite took place: the cells
proliferated rapidly to a confluent monolayer aftermarising, haematoxylin staining gave the best result
because of the pronounced contrast between fibrin- 24 h of perfusion (Figs 4 and 5). The endothelial cell
layer also grew to confluence under static conditions.and cell-staining. The paraffin histology of cross-sec-
tions of fibrin-coated PTFE grafts revealed an 8-lm In contrast to the perfused graft, the medium contained
a number of dead cells. The confluence was not stablethin fibrin layer of even distribution and thickness.
Furthermore, the distal ends of the PTFE graft dis- enough to withstand a medium flow at 3 dyn/cm2 for
5 min. The shedding of cells did not take place at theplayed this characteristic fibrin film despite being in
contact with the graft holders (Fig. 3). moment of flow onset, but was continuous over the
whole observation period. After 5 min, more than 50%After seeding HUVEC onto the graft with a density
of 1.5·105 cells/cm2 at a rotation velocity of 0.3 r.p.m., of initially adherent cells were washed off.
The immunohistological studies of pre-cultured cellsa uniform cell distribution could be observed along
the whole graft. Lower rotation velocity led to an performed in chamber slidesÔ (Nunc, Naperville,
U.S.A.) revealed that approximately 90 per cent ofunequal distribution of cells, whereas higher rotation
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in vitro with a closed endothelial cell monolayer.16,17
However, most of these studies have not taken into
account that shear stress may modify important
physiological cell functions, like endothelial cell ad-
herence. Static endothelialisation of PTFE grafts could
not solve the two problems: the shedding of endo-
thelial cells after the onset of perfusion, and the mas-
sive use of fibrinolysis inhibitors, like aprotinin or
tranexamic acid, to prevent matrix degradation by the
fibrinolytic activity of endothelial cells themselves.
About 20% of all endothelial cells will be washed off
the PTFE graft during the initial phase of perfusion as
demonstrated in vitro.18 Unfortunately, little is known
Fig. 5. Paraffin section of endothelial cells attached to the fibrin- about the stability of the cell layer after implantation
coated PTFE-graft forming a closed monolayer (H&E staining,
since no direct examination is yet possible. One could400·).
expect that a depletion of fibrinolysis inhibitors occurs
after implantation, i.e. fibrinolysis takes place followed
isolated cells were Factor VIII-positive (Fig. 6). Von by shedding of endothelial cells from the graft. As
Weibel bodies could be clearly observed. Confluent cell a consequence, the thrombotic fibrin and/or PTFE-
areas exhibited the typical cobblestone morphology. A surface will be exposed to the coagulation and immune
lower percentage of endothelial cells adherent to PTFE system.
graft could be identified as Factor VIII-positive. In- Our experiments suggest that culturing endothelial
terestingly, the underlying fibrin matrix also stained cells from a sub-confluent to a confluent monolayer
positively for Factor VIII. Judging by the intensity under increasing shear stress should provide a solutiondistribution, a gradient of Factor VIII-staining directed
for both problems. We were able to culture the endo-towards the fibrin layer next to the attached endothelial
thelial cells on fibrin-coated PTFE grafts without usingcells could be observed, suggesting that the endothelial
any fibrinolysis inhibitor and did not observe anycells secrete Factor VIII directly into the underlying
massive shedding of cells. Using upper light micro-fibrin matrix. Otherwise, Fibrin VIII alone as part of
scopy, the distribution and density of cells attachedTissucol˛ would give a homogenous signal.
to the PTFE surface was semiquantified. The cells
proliferated to a close monolayer while perfused.
Even the application of high shear stress of 6.6 dyn/Discussion
cm2 over a period of 14 h did not influence the cell
adherence. Culturing endothelial cells to confluenceIn the past, a number of research groups have dem-
under flow seems to improve their adherence to theonstrated the ability to coat small-calibre PTFE grafts
graft surface significantly. Possibly, the production
of laminin and other factors mediating cell adherence
while proliferating is responsible for this effect.9
Furthermore, cellular fibrinolytical activity might be
suppressed.
In addition, this study revealed no advantage of a
discontinuous rotation in endothelial cell seeding onto
the PTFE graft surface compared to a continuous
rotation technique. We favour the continuous rotation
rather than a discontinuous rotation technique often
described in literature,14 since the latter should lead to
a polarisation of cell distribution on the graft surface.
The proliferation rate was higher for perfused cell
cultures compared to static monolayer cultures in
flasks. This may result from the special design of this
perfusion system, including two different perfusion
Fig. 6. Inverse microscopic picture of HUVEC stained in situ for circuits supplying both the inner and outer side of theFactor VIII. Von Weibel bodies were identified (haematoxylin stain-
ing, 400·). PTFE graft with nutrients.
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